Zika virus (ZIKV) is one of the pathogens which is transmitted world widely, but there are no effective drugs and vaccines. Whole genome sequencing (WGS) of viruses could be applied to viral pathogen characterization, diagnosis, molecular surveillance, and even finding novel pathogens. We established an improved method using direct RNA sequencing with Nanopore technology to obtain WGS of ZIKV, after adding poly (A) tails to viral RNA. This established method does not require specific primers, complimentary DNA (cDNA) synthesis, and polymerase chain reaction (PCR)-based enrichment, resulting in the reduction of biases as well as of the ability to find novel RNA viruses. Nanopore technology also allows to read long sequences. It makes WGS easier and faster with long-read assembly. In this study, we obtained WGS of two strains of ZIKV following the established protocol. The sequenced reads resulted in 99% and 100% genome coverage with 63.5X and 21,136X, for the ZIKV PRVABC59 and MR 766 strains, respectively. The sequence identities of the ZIKV PRVABC59 and MR 766 strains for each reference genomes were 98.76% and 99.72%, respectively. We also found that the maximum length of reads was 10,311 bp which is almost the whole genome size of ZIKV. These long-reads could make overall structure of whole genome easily, and WGS faster and easier. The protocol in this study could provide rapid and efficient WGS that could be applied to study the biology of RNA viruses including identification, characterization, and global surveillance.
INTRODUCTION
Zika virus (ZIKV) is a member of the family Flaviviridae and was originally isolated in the Zika forest of Uganda (1, 2) . ZIKV is transmitted by various mosquitoes including Aedes aegypti and Aedes albopictus (3) . The symptom of ZIKV infection typically last for one week and is similar to those of dengue or chikungunya viral infection such as conjunctivitis, rash, malaise, headache, muscle and joint pain, and fever (4, 5) . Similar to maternal cytomegalovirus infection (6) , congenital infection of ZIKV can cause fetus microcephaly, malformations, and other complications such as preterm birth and miscarriage (7, 8) . Neurologic complications of ZIKV infection have been reported in adults and children in the Pacific and the Americas, including Guillain-Barré syndrome, neuropathy and myelitis (9, 10) . Because there is no vaccine for ZIKV, thus far, understanding characteristics and pathogenesis of the virus is necessary to develop effective difficult to design and optimize specific primers for RNA viruses because they have highly variable sequences depending on their various strains, resulting in many biases and artifacts (15) . Nanopore technology is long-read NGS from Oxford. Many studies have established WGS based on amplification using the long-read Nanopore technology for various RNA viruses including Ebola virus, ZIKV, yellow fever virus, and West Nile virus compare to the short-read NGS (16) (17) (18) . Even Nanopore technology could not avoid amplification biases since it also used amplicons. Recently, several studies have tried to use direct RNA sequencing for the rapid detection of multiple RNA viruses (19) as well as WGS for RNA viruses (16) . This method using direct RNA sequencing with Nanopore technology for WGS of single-stranded RNA viruses should be modified during the RNA library preparation steps, because there are no poly (A) tails on its RNA.
In this study, we established an improved method to obtain WGS of single-stranded RNA viruses using ZIKV with direct RNA sequencing of Nanopore technology. Our modified method combines 1) purification and concentration of viruses, 2) human ribosomal RNA (rRNA) depletion, 3) poly (A) tailing, 4) direct RNA sequencing by Nanopore technology, and 5) analysis of sequencing with gene alignment software to make consensus sequences. We compared the obtained two strains of ZIKVs (PRVABC59 and MR 766) with those from GenBank and confirmed the accuracy of the WGS.
MATERIALS AND METHODS

Cells and Viruses cultivation
Vero E6 (ATCC CRL-1586) cells were maintained in Dulbecco's minimal essential medium (DMEM; Hyclone) supplemented with 10% fetal bovine serum (FBS; Hyclone) and 1% penicillin/streptomycin (Gibco). Vero E6 cells were infected with ZIKV MR 766 strain (ATCC VR-1838) and ZIKV PRVABC59 (ATCC VR-1843) with 0.1 multiplicity of infection (MOI). The supernatant was harvested after 5days post infection (dpi). Viruses derived from the same batch were used for all experiments. Viral titers were measured using a conventional plaque assay and tissue culture infective dose 50 (TCID50) assay;
Virus copy numbers were determined by revers transcription (RT)-quantitative polymerase chain reaction (qPCR).
Virus purification, RNA extraction, and cDNA synthesis
ZIKVs were purified by ultra-centrifugation (Beckman Coulter) on a 20% sucrose cushion for 3 h at 100,000 x g with SW28.
Viral RNA was extracted using the Viral RNA Mini Kit (Qiagen) according to the manufacture's protocol. For RT-qPCR, cDNA synthesis was performed using the SuperScript IV First-Strand Synthesis System (Life Technologies), following the manufacture's protocol with random hexamers.
Quantification of viruses by Reverse Transcription (RT)-PCR
For the primer and probe design, NS5 gene sequences of ZIKV NS5(MR 766 and PRVABC59 strain) were obtained from NCBI was performed under standard reaction conditions, as recommended by Applied Biosystems; 40 cycles of denaturation for 10 sec at 95 °C and annealing and extension for 60 sec at 60 °C.
Ribosomal RNA (rRNA) depletion
Human rRNA was depleted from the samples using NEBNext rRNA depletion kit (NEB) according to the manufacturer's instructions. Briefly, rRNA was removed from samples following treatment with rRNA removal solution. DNA was also removed from samples following treatment with Dnase I. rRNA and DNA-depleted samples were purified with magnetic beads (NEB).
Quantification, purification, and concentration of RNA RNA was quantified using a Nanodrop Spectrophotometer (ND-1000, Thermo Fisher Scientific). AMPureXP beads (Beckman Coulter) was used for purification, and concentration of RNA following the manufacturer's instructions. Briefly, 1.8X volume of AMPureXP beads was added to RNA and incubated for 5 min. The sample was placed onto the magnetic rack and the supernatant was discarded. RNA was washed with fresh 80% ethanol, and eluted in nuclease-free water (Sigma). 
Poly (A) tailing of RNA
RESULTS
To establish a method of WGS for RNA viruses using direct RNA sequencing, we performed the following four procedures with the ZIKV PRVABC59 strain: 1) purification of the virus, 2) library preparation of RNA, 3) sequencing with Nanopore technology, and 4) data analysis for WGS. Then, we applied the established protocol to another ZIKV MR766 strain.
The first run was performed following the procedure. In the first procedure, 10ml supernatant of PRVAB 59 (4.2 x10 6 pfu/ml) was centrifuged at 2,000 x g, at 4 °C for 30 min to remove cell debris. The supernatant was ultra-centrifuged to purify the viruses. rRNA depletion was then performed to remove human rRNA. In the second procedure, poly (A) tailing was 
